Stress -strain curves from 61 uniaxial strain tests are presented which depict the response of three dry sands to intense transient pressures ; the loadings ranged from 10 MPa to 80 MPa and were applied with rise times ranging from a few tenths of a millisecond to a few minutes . Equipment and techniques used to conduct the tests and to assess the effect of wave propagation on the measurements are described . The data show that the resistance of dry sands to (Continued) 
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compression increases dramatically when loading rise times are less than 1 msec, and that the character of the stress-strain relation shifts rapidly from a "stiffening" response (curvature concave to stress axis) to a "yielding" response (curvature concave to strain axis) . The stress-str ain response of a relatively simple rate-dependent rheologic model is shown to be in good agreement, both qualitatively and quantitatively , with the measured results .
INTRODUCTION
Soil compressibility is usually determined in the laboratory by axially compressing cylindrical soil samples in a uniaxial strain device 4 and measuring their axial deformation. For practical applications, the laboratory tests should reflect the stress levels, loading rates, and drainage conditions of interest.
As part of a pioneering research effort at MIT to define the response of soils for problems associated with ground shock from nuclear explosions, Whitman developed a dynamic uniaxial strain device based on a novel Although frequently referred to in conventional soil mechanics practice as a consolidometer, oedometer, or one-dimensional compression device, the test boundary conditions are most accurately described from a continuum mechanics viewpoint by the term uniaxial strain.
-1 -multiple-reflection technique (1, 2) . If the r1se time of the applied loading pulse is long relative to the time required for a stress wave to propagate back and forth between the rigid-bottom boundary and the free-surface boundary , then inertial stresses can be neglected and stress and strain within the specimen can be readily deduced as a function of time from external measurements of applied pressure and surface deflection. The MIT gas -fluid loading system permitted dynamic pressures up to about 1 . 4 MPa to be applied with rise times on the order of 15 msec . Schindler subsequently developed a similar test device at WES which used a piston-fluid loading system to develop 2. 1-MPa pressures in about 3 msec (3).
Experimental results for dry sands show that the stress-strain curves , starting from some initial prestress , are S-shaped , with yielding for small stress changes and stiffening for large stress changes (4) . The secant modulus of dry sand for a rapid loading (say 10-msec rise time) is usually on the order of 5 to 40 percent greater than that for a slow loading (several minutes rise time) ; typical values previously reported for such dynamic-to-static modulus ratios are given in Table 1 . In s1mmarizing the MIT findings , Whitman (8) concludes that time-dependent effects can generally be ignored for problems involving dry granular materials subjected to dynamic loadings with mi llisecondrange rise times, provided that the stress-strain relation used in the analysis is obtained from a test in which loading and unloading take place in 30 msec or less . But he warns that there is evidence to indicate that time effects become very important when the duration of the stress pulse drops to about 1 msec or less and cites a need for more adequate study of time-dependent effects during uniaxial strain tests with large stress changes and submillisecond rise times .
-2 - SCOPE OF THIS PAPER Equipment is described for conducting multiple-reflection type uniaxial strain tests to much higher pressures and at much faster loading rates than those discussed above . Experimental results are presented from tests conducted on three dry remolded sands (see 
TEST DEVICES AND TECHNIQUES
The 100-MPa, ram-loaded uniaxial strain test device shown in The same soil specimen container and deflection measurement system were used in both the explosive-loaded and the ram-loaded devices . Preweighed quantities of sand were alternately spooned and tamped into the container and the surface leveled with a straightedge. A 5-mm-thick rubber membrane attached to an aluminum LVDT footing assembly was placed over the specimen and sealed around the edges with a steel clamp containing two 0-rings .
-5 - As depicted in Fig . 4 , oil pressure , P , and LVDT deflection , 6H , were recorded continuously during each test . The surface of the specimen was uniformly loaded with P(t) and was assumed to uniformly deflect an amount , 6H(t); radial strains were assumed to be zero . Assuming inertial stresses to be negligible , axial stress , o, within the specimen was uniform and equal to P ; axial strain, £, was assumed to be uniform and equal to 6H/H . :E 30 ,. -7 -with each other (see Fig . 5a ); they also agree quite well with pr eviously reported high-pressure data for a 20-40 Ottawa Sand with an initial void ratio of 0 . 527 (9) . Results from two dynamic tests with the ram-loaded device are shown in Fig . 5b ; the specimen in test Dl was loaded to 30 MPa in about 100 msec while that in test D2 was loaded to 40 MPa in about 4 msec . The stress -strain curves for Dl and D2 are essentially identical ; they could also be easily mistaken for the Sl and S2 results . The average dynamic-to-static ratio of secant modulus to 30 MPa computed from these data is 1 . 06 , a value quite consistent with those given in Table 1 Since the frequency response of the measurement system was above 15 kHz , the measurements should be valid. However , before this difference in response can be attributed to loading rate effects , an analysis is necessary to insure that it was not due to wave pr opagation or inertia effects .
INERTIA ANALYSIS
A computer code for analyzing one-dimensional plane wave propagation through layered profiles of nonlinear hysteretic materials (10) is also used at WES to assess inertia effects in multiple-reflection uniaxial strain tests .
The method of analysis is based upon a discrete model consisting of lumped masses connected by springs and subjected to an arbitrary dynamic pressure at the free surface (Fig . 6 ) . Piece-wise linear stress-strain relations for both loading and unloading are used to define the spring resistances .
-8 - The strain recorded at 10 MPa was again chosen as a basis for quantifying loading rate influences on compressibility. The static-to-dynamic strain ratio at 10 MPa for each test is plotted versus loading time in Fig. 10 . The plot demonstrates conclusively that, while rate effects on the compressibility of this dry sand can generally be ignored for loading times greater than 1 msec, they cannot be ignored for submillisecond loadings, i.e ., stiffness increases rapidly as loading time decreases within the 1-msec to 0.1-msec decade. Thus , the suspicions of Whitman (8) appear to have been well-founded.
The dynamic-to-static modulus ratios at 30 MPa are not nearly so extreme (a maximum of about 1 . 5) , but the overall stress-strain response shows a marked change in character as the loading rate is increased above about 10 MPa/msec . Below this rate, the stress -strain curve "stiffens" (curvature concave to the stress axis), whereas above this rate, the curve "yields" (curvature concave to the strain axis). Such changes in curvature would have significant effects on propagation velocities ~nd rise times at the fronts of blast-induced stress waves (4, 11) . A variety of simple viscoelastic and hysteretic models have been used to study the effects of time-dependent, inelastic and nonlinear stress-strain behavior on stress wave propagation through laterally confined soils (12, 13) ; a model incorporating all of these characteristics is needed in order to replicate the behavior shown in Fig. 9 .
THREE-ELEMENT RHEOLOGIC MODEL CALCULATIONS
The three-element rheologic model used in this study is a modified version of a three-element viscoelastic model described by Kolsky (14) were thought at first to represent either measurement inaccuracies or wave propagation effects . However, when the model is driven with the pressure-time pulses actually measured in tests D8 and DlO (as shown in Fig . llc) , the calculated stress-strain curves reflect the detailed character of the measured results remarkably well. It thus appears that the observed "bumps" and " flats "
are not due to measurement inaccuracies , but rather reflect real rate-dependent behavior.
SUMMARY AND CONCLUSIONS
Experimental results are presented on the uniaxial strain response of three dry sand materials to intense transient pressure pulses; loadings ranging from 10 MPa to 80 MPa were applied with rise times ranging from a few tenths of a millisecond to a few minutes . These data are consistent with previous findings regarding the dynamic compressibility of dry sand, in that loading rate had a relatively minor effect on the stress-strain response for loading times greater than 1 msec . They also confirm previous suspicions that this would not be the case for submillisecond loadings, in that secant modulus values -16 -at 10 MPa increased by an order of magnitude within the 1-msec to 0.1-msec rise-time decade.
In addition to the dramatic quantitative effect, the overall response depicted a marked change in character as the loading rate was increased above 10 MPa/msec , i . e ., stress-strain curvature rapidly shifted from "stiffening"
(concave to the stress axis) to "yielding" (concave to the strain axis).
Stress -strain curves obtained with a relatively simple rate-dependent rheologic model reflect the detailed character of the measured results remarkably well. -17 -
